Abstract: Microwave frequency downconversion is optically implemented by using two cascaded polarization modulators (PolMs), characterized by full-frequency-range coverage and high conversion efficiency. In this proposed approach, the incident radiofrequency signal (RF) and the local oscillator signal (LO) are applied to the first PolM at the transmitter and the second one at the receiver, respectively. Effective optical carrier suppression can be achieved using the cascaded PolMs, whereas the optical sidebands induced by the RF and the LO signals remain unchanged. Since no additional optical filter is needed, the lower operation frequency limit in other approaches with an optical filter is eliminated, such that a full-frequency-range coverage is ensured in this approach. Meanwhile, the use of optical carrier suppression (OCS) enables high conversion efficiency for microwave downconversion. In the proof-of-concept experiments, the conversion efficiency is improved by over 20 dB within the frequency range from 2 to 15 GHz, as compared to those of cascaded modulators without OCS. Both the upper and the lower limits of such a frequency range can be greatly extended when test instruments with full frequency range are used.
Introduction
For many applications such as electronic warfare, communication, remote sensing, and radar, it is of critical importance to downconvert a high-frequency microwave signal to a low-frequency or intermediate-frequency (IF) one at the receiver to reduce frequency-bandwidth requirement and enhance the dynamic range. Compared with the downconversion implemented by conventional electrical mixer, microwave photonic mixer (MPM) is characterized by high isolation, low loss, wide bandwidth, and immunity to the electromagnetic interference (EMI). Therefore, MPM has been considered as an alternative to satisfy the demand of application scenarios with high operation frequency such as radio-over-fiber (ROF) systems, microwave receivers, and radars.
Several cascaded Mach-Zehnder modulator (MZMs) structures were proposed to implement MPM [1] - [3] . In these structures, high isolation between the radio-frequency (RF) signal port and the local oscillator (LO) signal port was obtained, and special applications such as Doppler frequency shift estimation are realized [4] . On the other hand, they might have low conversion efficiency which is defined as the ratio between the IF output power to the RF input power [7] . In general, due to the limited saturated input optical power of photodetectors (PDs), the conversion efficiency cannot be infinitely improved by increasing the incident optical power, as most of the average power is contributed by the optical carrier. Since the IF output power is mainly determined by the optical sidebands induced by the RF and the LO signals, a number of MPM approaches with improved conversion efficiency using optical carrier suppression (OCS) were proposed [5] - [9] . Nonlinear effect used in [5] may increase nonlinearity of the system. Dualparallel MZM (DPMZM) and Sagnac loop interferometer structures are used to achieve OCS and high-amplitude sidebands induced by RF and LO signals in [6] and [7] . MPM using OCS is implemented in [8] by connecting an optical filter at the output of two cascaded phase modulators (PM). The optical filter needed should have critically stable center wavelength, extremely narrow stopband and transmission band, and high rejection ratio simultaneously. To some extent, the operation frequency range is still limited, especially for the low-frequency range, owing to the effective stopband of currently available narrow optical filters. In [9] , the optical filter was replaced by the SBS-based OCS technique. Here, an additional wideband frequency-shift module and amplification devices may make this scheme complex [10] .
In this paper, we propose a novel photonic approach to implement microwave frequency downconversion using two cascaded polarization modulators (PolMs). High-performance OCS can be easily achieved by adjusting the polarization controllers (PCs) placed before and after the second PolM driven by the LO signal without any additional optical filter. In this approach, the limitation of lower operation frequency can be eliminated, and high-performance OCS is realized. In proof-of-concept experiments, the optical sidebands induced by the LO signal are about 20 dB beyond the optical carrier, and an over 20 dB improvement to the conversion efficiency is obtained, compared with that of the conventional microwave downconverter based on cascaded MZMs structures within the frequency range from 2 to 15 GHz. In addition, if the test instruments with full frequency range are used in the experiments, both the upper and the lower limits of the operation frequency range can be greatly extended.
Principle
The schematic diagram of the proposed approach is shown in Fig. 1(a) . The light wave from a laser diode (LD) is oriented at an angle of 45 to one principal axis of PolM1 at the transmitter. The PolM is a special phase modulator that supports both transverse-electric (TE) and transverse-magnetic (TM) modes with opposite phase modulation indices [11] . When the RF signal with angular frequency ! RF is applied to PolM1, the output electrical fields of two orthogonal directions of PolM1 can be expressed as 
where E in and ! c are the amplitude and the angular frequency of the optical carrier, 1 ¼ Á ðV RF =V 1 Þ is the modulation index of PolM1, V RF is related to the amplitude of the input RF signal, and V 1 is the half-wave voltage of PolM1. Then, the modulated light wave is sent to remotely or locally located receiver through a fiber link.
After transmission in the fiber link, we can align two principal axes of PolM2 with those of PolM1 by using PC2. By applying the LO signal at ! LO to PolM2, the electrical fields of two orthogonal directions at the output of PolM2 can be written as
where E x and E y are the output electrical fields of two orthogonal directions of PolM1, 2 ¼ Á ðV LO =V 2 Þ is the modulation index of PolM2, V LO is related to the amplitude of input LO signal, and V 2 is the half-wave voltage of PolM2, Á is the static phase difference between E x 0 and E y 0 introduced by PC3. Based on the Jacobi-Anger expansion, (2) can be expressed as [18] 
where J n ðÁÞ is the nth-order Bessel function of the first kind, and n and m are integers. When the amplitude of the RF signal is much lower than that of the LO signal, under small signal modulation, only five largest terms are considered such that (3) can be simplified as 
where J kr ¼ J k ð r Þ, r ðr ¼ 1; 2Þ are the modulation indices of PolM. The remodulated optical signal is then sent to a polarizer with its principal axis oriented at an angle of 45 to one principal axis of PolM2. When Á ¼ 180 , the combined electrical field at the output of the polarizer is
From (5), it is obvious that high-performance OSC can be easily obtained by simply adjusting PC2 and PC3 without any optical filter, while the amplitude of sidebands induced the RF and LO signals remain unchanged. For a clear description, the evolution of the polarization directions of the light waves and the corresponding optical spectra at different points are illustrated in Fig. 1(b) . We adjust PC2 to align the two principal axes of PolM2 with those of PolM1, wherein the optical carrier is modulated by both RF and LO signals in two orthogonal modes (TE and TM modes) with opposite phase modulation indices. The corresponding optical spectra measured at point B are shown in Fig. 1(b) . Here, PolM2 in conjunction with PC3 and the polarizer is equivalent to an intensity modulator, of which the transmission point can be changed by tuning PC3 [11] . As the equivalent intensity modulator is biased at the minimum transmission point (MITP) (i.e., Á ¼ 180 ), the optical carrier is eliminated and only the first-order sidebands induced by the RF and the LO signals are generated.
The Erbium-doped fiber amplifier (EDFA) located after the polarizer is used to amplify the sidebands induced by the RF and the LO signals. The amplified optical signal is sent to the PD to generate the desired IF signal. Consequently, the obtained IF signal with angular frequency of ! LO À ! RF can be expressed as
where P in ¼ jE in j 2 is proportional to the power of optical carrier, T m represents the total gain or the loss of optical link, and R is the responsivity of the PD. Thus, for a PD with limited saturated input optical power, the elimination of optical carrier would be beneficial for transferring more power to the sidebands induced by the RF and the LO signals, which will result in a higher power level for the IF signal. On the other hand, because an optical filter in [8] is no longer needed here, the limitation of operation frequency range can be effectively overcome. Therefore, without additional optical filter, we can realize photonic microwave frequency downconversion with full frequency range coverage and high conversion efficiency in this structure. In addition, unlike the schemes in [6] and [7] , the cascaded modulators in this proposed approach will permit the RF receiver to be placed at a remote location away from the transmitter, which might available for some applications with remote ports in ROF or electronic warfare systems. In addition, to fully investigate the performance of the proposed mixer, a comparison among the specifications of the proposed mixer based on dual-cascaded PolMs (CPolMs) and the conventional dual-cascaded MZMs (CMZMs) has been carried out via simulations using commercial software VPItransmissionMaker, when the modulation indices of LO signals were optimized for the maximum conversion efficiency. Based on the definition about these specifications given in [14] and [17] , the results are listed in Table I . The noise floor of our proposal is higher than that of the conventional CMZMs based mixer. Benefiting from the improvement of conversion efficiency, the CPolMs based mixer got an improvement in the spurious free dynamic range (SFDR) and noise figure (NF) compared with the CMZMs based mixer.
Experiments and Discussions
To verify the proposed approach, experiments based on the setup shown in Fig. 1(a) are performed. The optical carrier at 1549.15 nm is emitted from a tunable laser with a narrow linewidth of 1 kHz. The light wave is then modulated by an RF signal in PolM1 which has a 3-dB bandwidth of 40 GHz and a half-wave voltage of 3.5 V at the transmitter. After transmission through a section of fiber link, at the receiver, PolM2 with a half-wave voltage of 5.3 V is connected to PolM1 and driven by the strong LO signal. An EDFA is then used to amplify the optical signal. Finally, the amplified signal is sent to a PD to generate the IF signal.
To achieve a high conversion efficiency, we adjust the PCs placed before and after PolM2 to implement OCS. While in practice, the state of polarization (SOP) of light is sensitive to the environment such as stress, temperature and so on. Therefore, an accurate adjustment of the SOPs is deeply needed in microwave photonics systems, as well as high-capacity polarization-division-multiplexing systems. Fortunately, several automatic control schemes realized by feedback systems were proposed in [12] and [13] to stabilize or to trace the SOP of light. Therefore it is believed that these automatic control schemes can be used in our photonic downconversion approach in practice, while in our proof-of-concept experiment polarization controllers (PCs) were used to adjust the SOP of light. Here, one promising solution to solve the problem presented above is shown in Fig. 1(a) , where a slight proportion of the light is sent to a similar feedback control circuit to automatically control the SOP of light.
A 9.05-GHz RF signal with a power level of À9 dBm is firstly applied to PolM1, while an LO signal at 9.152 GHz with a power level of 10 dBm is applied to PolM2. The measured optical spectra without and with the LO signal are demonstrated in Fig. 2(a) and (b) . When the LO modulator is absent, we have 2 ¼ 0, J 02 ¼ 1, and J 12 ¼ 0. Therefore, only the terms of first-order sidebands induced by RF signal are observed in (5) , which agrees well with the result shown in Fig. 2(a) . It is clear that the power level of each sideband induced by the RF and the LO signals is greater than that of the optical carrier. In detail, a suppression ratio of 20 dB between the optical carrier and the sideband induced by LO signal is observed in Fig. 2(b) , which is as high as that in [7] . By setting the gain of the EDFA, the amplified optical signal with a 10-dBm power is Fig. 3 .
From the result shown in Fig. 3 , the power level of the generated IF signal is 0.25 dBm as an input RF signal of À9 dBm is received. Thus, the conversion efficiency is estimated as 9.25 dB, indicating an improvement over 20 dB, as compared with that in conventional cascaded MZMs structure [9] . To get more details, the conversion efficiency is tested for different frequencies and different power levels of the input RF signal, as shown in Fig. 4(a) . Within the frequency range from 2 to 15 GHz, the fluctuation of the conversion efficiency is less than AE0.8 dB. The 1 dB compression point is defined by the point at which the power of IF signal deviates by 1 dB from the small signal linear response for the input power of RF signal [15] . Since the conversion efficiency is determined by the difference between the powers of the RF and IF signals, in dB units, the 1 dB compression point can be concluded as the point that the conversion efficiency drops by 1 dB, and it is estimated to be 6 dBm from Fig. 4(b) in the experiment.
It should be noticed that, although the experimental results demonstrate a frequency range of 2 $ 15 GHz. Here, the lower frequency limit is mainly limited by the minimum output frequency of the used microwave generator (Anritsu MG3694B) at 2 GHz, and the upper frequency limit is limited by the operation bandwidth of the optical and the electrical devices employed in the experiment. Thus, if the test instruments used in the experiments have a full frequency range, the lower and the upper limits of the operation frequency range of the proposed approach can be greatly improved. For instance, the operation frequency here can be as low as tens of megahertz and beyond 40 GHz. Therefore, from the results shown in Fig. 4(a) , the limitation to low-frequency operation in [8] is removed, such that a full frequency range coverage and a high conversion efficiency are realized simultaneously in the proposed approach.
Conclusion
A photonic approach was proposed to perform microwave frequency downconversion with full frequency range coverage and high conversion efficiency. In the proof-of-concept experiments, without the optical filtering technique, the generated IF signal with high power, resulting from the high-performance OCS, was observed. An over 20-dB improvement to the conversion efficiency within the frequency range from 2 to 15 GHz was obtained, compared with that of the conventional microwave downconverter based on cascaded MZMs structures. Such a frequency range can be extended to a full frequency-range coverage in the proposed approach.
